Background-Nitric oxide (NO) plays an important role in cardiovascular health by maintaining and regulating vascular tone and blood flow. Epigenetic regulation of NO synthase (NOS), the genes responsible for NO production, may affect cardiovascular disease, including the development of atherosclerosis in children. Methods and Results-We measured percentage DNA methylation using bisulfite conversion and pyrosequencing assays on DNA from buccal cells provided by 377 participants of the Children's Health Study on whom carotid artery intimamedia thickness (CIMT) measurements were also collected. We examined a total of 16 CpG loci located within NOS1, NOS2A, NOS3, ARG1, and ARG2 genes responsible for NO production. CIMT was measured using high-resolution B-mode carotid ultrasound. The association between percentage DNA methylation in ARG and NOS genes with CIMT was evaluated using linear regression adjusted for sex, ethnicity, body mass index, age at CIMT, town of residence, and experimental plate for pyrosequencing reactions. Differences in the association by ethnicity and ancestral group were also evaluated. For a 1% increase in average DNA methylation of NOS1, CIMT increased by 1.2 μm (P=0.02). This association was greater in Hispanic children of Native American descent (β=2.3; P=0.004) than in non-Hispanic whites (β=0.3; P=0.71) or Hispanic whites (β=1.0; P=0.35). Conclusions-DNA methylation of NOS1 has a plausible role in atherogenesis through regulation of NO production, although ancestry may alter the magnitude of this association. (Circ Cardiovasc Genet. 2014;7:116-122.)
C ardiovascular disease (CVD) is the leading cause of morbidity and mortality in the general population. 1 Atherosclerosis, a progressive process of lipid deposition in which the arterial wall thickens over time, is a well-known underlying pathology for the majority of clinical cardiovascular events. Atherosclerosis begins in childhood with fatty streak formation in the intima of arteries. 2, 3 Carotid artery intima-media thickness (CIMT) is a noninvasive measure of atherosclerosis and a strong indicator of CVD in adults. 4, 5 
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Multiple biological pathways are implicated in the pathogenesis of atherosclerosis, some of which involve nitric oxide (NO). 6 NO has a presumed cardioprotective role through the regulation of vascular tone and blood pressure, preventing platelet aggregation and inhibiting smooth muscle cell proliferation. 7, 8 NO is synthesized from l-arginine by NO synthase (NOS) enzymes of which there are 3 main isoforms, including neuronal (or NOS1), inducible (or NOS2A), and endothelial NOS (or NOS3). All 3 isoforms are expressed in the cardiovascular and respiratory systems of humans. 7, 9 Existing evidence from in vitro and animal studies shows that epigenetic changes in NOS1, NOS2A, and NOS3 from DNA methylation and histone modification are associated with gene expression and that these epigenetic variations in NOS can affect NO generation and bioavailability. [10] [11] [12] Arginase (ARG) competes with NOS for the common substrate l-arginine, suggesting that ARG may play a factor in regulating NO synthesis by moderating the availability of intracellular l-arginine. 13, 14 In mammals, there are 2 isoforms of ARG, one is the cytosolic isoform (ARG1), and the other is the mitochondrial isoform (ARG2). Both are expressed in endothelial, vascular smooth muscle, and airway epithelial cells. 13, 15, 16 Changes in NOS and ARG expression instigated by epigenetic modifications may have the potential to influence NO synthesis and impact cardiovascular health outcomes.
In a population-based cohort of children who had participated in the Southern California Children's Health Study (CHS), we investigated the potential role for epigenetic regulation of NO, an important player in CVD. 17, 18 Specifically, we evaluated whether DNA methylation of NOS and ARG genes is associated with CIMT in children. Because CVD rates vary by ethnicity and because the CHS population comprised both Hispanic white and non-Hispanic white children, and Hispanics whites are a heterogeneous population, we also evaluated the potential for the association to vary by selfreported ethnicity and genetically determined ancestral group.
Methods

Study Population
This study was nested in the ongoing CHS. 17 We sampled children from the 5341 kindergarten and first graders who were enrolled in the study in 2002. A subset of 940 non-Hispanic white and Hispanic white children who had buccal samples collected for genetic analysis and fractional exhaled nitric oxide measurements were selected for DNA methylation analysis as described previously. 19 For the purpose of this study, we selected only 377 children who had both genetic information and CIMT measurement data. This study was approved by the University of Southern California institutional review board for human studies.
CIMT Measurements
A Mindray DC-7 Diagnostic System attached to a 10-MHz linear array transducer was used to obtain high-resolution B-mode ultrasound images of the carotid arteries by a single imaging specialist from the USC Atherosclerosis Research Unit Core Imaging and Reading Center. All ultrasound examinations were obtained at the children's schools in the 2007 to 2008 school year (year 6 of CHS). Phantom test images were used to calibrate the instrument. The determined parameters were preset and used across all school sites throughout the study. [20] [21] [22] To ensure that CIMT was measured at the same point in the cardiac cycle, a single-lead ECG was simultaneously recorded along with the B-mode image, and the images contained internal anatomic landmarks for probe angulation reproducibility (patents 2005, 2006, 2011) . 23 CIMT was measured along the far wall of the distal common carotid artery between the lumen-intima and media-adventitia along an electronically generated 1-cm length just 0.25 cm from the carotid artery bulb by automated computerized edge detection with an in-house developed software package (patents 2005, 2006, 2011). 24, 25 Replicate CIMT measurements were collected on 44 subjects for both left and right CIMT to evaluate reproducibility. Intraclass correlation coefficients were 0.88 and 0.84, and percent coefficient of variation was 7.9 and 7.1, respectively.
Buccal Cell Sample Collection
Buccal cells were used as a readily accessible surrogate for evaluating the association between DNA methylation of NO-related genes and CIMT. Buccal cell samples were collected in school years: 2004 to 2005 (year 3 of CHS) or 2006 to 2007 (year 5 of CHS). Children were provided with 2 toothbrushes and instructed to brush their teeth with the first one. They were instructed to gently brush the buccal mucosa with the second toothbrush. The brush was then placed in a leak-proof container that was filled with an alcohol-based fixative. Children then swished liquid throughout their mouths and expelled the fluid into a container. The majority of buccal cell specimens were collected at school under the supervision of study staff. The remaining specimens were collected at home and sent to us by mail. Buccal cell suspensions were centrifuged at 2000g on the day they were received in the laboratory. The pellets were stored frozen at −80°C until used for DNA extraction, at which time they were resuspended and incubated in 600 μL of lysis solution from a PUREGENE DNA isolation kit (catalog No. D-5000; GENTRA, Minneapolis, MN) containing 100 μg/mL proteinase K overnight at 55°C. DNA extraction was performed according to manufacturer's recommendations. The DNA samples were resuspended in the hydration solution (GENTRA) and stored at −80°C.
Selection of CpG Methylation Loci
We examined a total of 16 CpG loci located within NOS1, NOS2A, NOS3, ARG1, and ARG2 as described previously ( Figure I in the Data Supplement). 19 Loci were chosen based on likelihood for affecting gene expression or location within a transcription factor binding site. Polymerase chain reaction primers targeting these loci were developed using MethPrimer software. 26 Primers were designed not to overlap with any repeated elements or single-nucleotide polymorphism sites, and the specificity of the primer sequence was confirmed using in silico polymerase chain reaction ( Table I in 
DNA Methylation
Methylation analysis has been described in detail previously. 27 Briefly, laboratory personnel performing DNA methylation analyses were blinded to study subject information. Bisulfite conversion of 1 μg of genomic DNA extracted from buccal mucosal cells was performed with the EZ-96 DNA Methylation-Gold Kit (Zymo Research, Orange, CA) according to the manufacturer's recommended protocol. Methylation analyses were performed using the HS 96 Pyrosequencing System (Biotage AB, Uppsala, Sweden) as described in previous work. 28 Hct116 cell line DNA was used as inter-and intraplate control DNA for each plate run on the pyrosequencing. Percent coefficient of variation across the plates ranged from 2.1% to 5.5% for NOS2A and 1.1% for NOS3. The output from pyrosequencing is reported as a percent of DNA methylation at each CpG locus. As a quality control check to estimate the bisulfite conversion efficiency, we placed duplicate genomic DNA samples on each bisulfite conversion plate to estimate the internal plate variation of bisulfite conversion and the pyrosequencing reaction. Conversion efficiency was >95%. We also added universal polymerase chain reaction products amplified from cell line DNA on each pyrosequencing plate to check the run-to-run and plate-to-plate variation in performing pyrosequencing reactions. In addition, the pyrogram peak pattern from every sample was checked to confirm the quality of reaction.
Ancestry
We computed ancestry using the program STRUCTURE from a set of ancestral informative markers that were scaled to represent the proportion of Native American and white ancestry. 29 Ancestry was divided into 3 groups based on self-reported ethnicity and a genetic ancestry score. Children who reported they were non-Hispanic white were predominately of white ancestry based on ancestral score. Children who reported they were Hispanic white were further divided based on their ancestry score into primarily white ancestry if they were genetically more white than Native American or primarily Native American ancestry if they were genetically more Native American.
Statistical Analyses
Descriptive analyses examined the distribution of DNA methylation in ARG and NOS genes, CIMT, and subject characteristics. Normality of the distribution of CIMT as well as the model residuals was assessed by the Shapiro-Wilk test. Spearman correlations were used to evaluate pairwise correlations of percentage methylation between different CpGs in the same gene. Linear regression was used to examine the association between CIMT and percentage DNA methylation of ARG and NOS genes (as continuous variables), adjusting for potential confounders including sex, race, body mass index, age at CIMT scan, town of residence, and experimental plate for pyrosequencing reactions. We chose these variables because they were known to be predictors of CIMT or were identified as confounders that affected the variability observed in the data. We additionally assessed whether systolic and diastolic blood pressures were predictors of CIMT in our cohort and whether adjustment for blood pressure altered the association between methylation and CIMT. Neither systolic nor diastolic blood pressure was associated with CIMT directly, nor did blood pressure alter the association with DNA methylation. We also evaluated year of buccal cell collection as a potential confounder but did not find it to alter our results. Therefore, the final models did not include adjustment for blood pressure or for buccal cell collection year. For the variable age at CIMT scan, ages 9 and 10 years were combined because of the small sample size in age 9 years (n=2). Body mass index was treated as a continuous variable. Both left and right CIMT were evaluated, and similar results were observed. Thus, an average of left and right CIMT was calculated and used for all analyses presented.
Additional analyses were conducted in which methylation variables for ARG and NOS genes were dichotomized into 2 categories. For loci that had ≥20% zero values of methylation (NOS2A positions 4-7 and ARG2), the dichotomized variable was categorized as either unmethylated or methylated. The remaining loci were dichotomized into low methylation or high methylation where the cutoff point was at the median. For genes that had multiple CpG loci measured, we also evaluated the average percent methylation separately for loci within and outside of CpG islands.
We reported results of the linear regression models as micrometer changes in CIMT for a 1% difference in DNA methylation. For the dichotomized model, results were reported as micrometer changes in CIMT for DNA that was methylated or had high methylation. Lastly, we added statistical interaction terms to the linear regression model and used an overall likelihood ratio test to assess whether the association between DNA methylation of ARG and NOS genes varied by ancestry.
All tests assumed a 2-sided alternative hypothesis with a significant level of 0.05. The data were analyzed using SAS software version 9.2.
Results
The children of this study were on average aged 11 years when CIMT was measured (range, 9-12 years). A little less than half of the children were male, and 63% were of Hispanic white ethnicity (Table 1) . CIMT measurements were generally normally distributed with an average of 562.0 μm (SD, 40.6 μm; Table 2 ). The means of CIMT measurements were slightly higher in those aged 12 years, males, and non-Hispanic whites ( Table 2 ). The Figure displays the percentage methylation distributions of ARG and NOS loci ( Table II in the Data Supplement) . Non-CpG island loci in NOS1, NOS2A, NOS3, and ARG1 were generally heavily methylated with the exception of NOS2A position 3, which had a maximum methylation of 63.3%. The CpG island loci in NOS2A and ARG2 were mostly unmethylated. The multiple CpG loci that were measured within each gene were not strongly correlated (Tables III-V in the Data  Supplement) .
After adjusting for sex, ancestry, body mass index, town, plate, and age at IMT scan, DNA methylation in NOS1 was associated with CIMT (Table 3) . For every 1% increase in average DNA methylation of NOS1, CIMT increased by 1.2 μm (P=0.02). Similar results were shown for analyses that were conducted using a dichotomous variable for categorizing methylation, further strengthening the analyses. Compared with subjects with low methylation, those with a high mean methylation of non-CpG island NOS1 had a CIMT measurement that was 15.8 μm higher (P=0.0004). Individual loci for both continuous and dichotomized models showed similar but weaker patterns. No associations were observed for methylation of NOS2A, NOS3, ARG1, and ARG2 genes with CIMT.
Because the CHS is ethnically diverse, we also investigated whether the association between DNA methylation of NOS and ARG genes and CIMT varied by ancestry. We found that the association between methylation in NOS1 and CIMT level was driven by Hispanic children of Native American ancestry (Table 4 ), although the likelihood ratio test P value testing the significance of an interaction with ancestry was not significant. No associations were observed for other genes.
Discussion
In this study, we observed an association between NOS1 methylation and CIMT. Among Hispanic white children, those with Native American ancestry seemed to demonstrate stronger associations than those with white ancestry.
NO is synthesized from l-arginine by NOS enzymes and is known to play a role in vascular regulation. 6, 8 Reduced bioavailability of NO is thought to occur early in the development of atherosclerosis. 8 Previous research suggested that NOS3-derived NO was largely responsible for the regulation of vascular tone. More recent studies also identify a role for NOS1. 30, 31 Animal studies have demonstrated neointimal formation, constrictive vascular remodeling, and narrowing of the lumen in NOS1 knockout mice, demonstrating a role for NOS1 in protecting against vascular lesion formation. 32 In particular, Morishita et al 32 demonstrated that NOS1 genedeficient mice exhibited accelerated neointimal formation, as measured by intima-to-media ratio and greater wall thickness in the carotid artery, than wild-type mice. Human studies have shown that NOS1 is expressed in early and advanced human atherosclerotic vessels 33 and that NO derived from local NOS1 is a major factor in microvascular tone and basal blood flow in the forearm and coronary vascular bed. 30, 31 Epigenetic mechanisms influence the development of the vascular system, including expression of NOS genes. 34, 35 NOS1 promoter methylation has been directly related to its expression in ≥1 tissue, 12 and given the structural diversity of NOS1 transcripts, it is conceivable that yet unidentified methylation loci may also influence NOS1 expression. Complex regulation of NOS1 is achieved through differential inclusion of >10 untranslated first exons 36 that are alternatively spliced to a common coding exon 2. In humans, many of these first exon variants contain an identical coding region and thus encode an NOS1 enzyme with conserved activity across tissues. However, alternative inclusion of weaker and stronger first exons is known to affect NOS1 translational efficiency and mRNA stability. Differential activation and repression of their associated promoters by stimuli such as hypoxia 36 CIMT indicates carotid artery intima-media thickness. *High methylation was defined as greater than the median value for all loci except NOS2A positions 4 to 7 and ARG2, which were categorized as completely unmethylated or methylated.
†Adjusted for sex, ancestry, body mass index, plate, town, and age at IMT scan. ‡P<0.01 after Bonferroni correction for multiple testing.
or epigenetic events 12 is hypothesized to affect the variety, abundance, and subcellular localization of NOS1 transcripts in particular tissue types. 37 Our CpG locus of interest resides near the translation initiation start site in exon 2 between 2 CTCF transcription factor binding sites, and exonic DNA methylation was recently shown to influence CTCF-promoted spliceosome assembly, rates of transcription elongation, and differential inclusion of upstream exons through methylation-dependent inhibition of CTCF binding. 38 Because inclusion of different NOS1 first exons is known to impact NOS1 transcript abundance, it is conceivable that differential methylation of our CpG locus in exon 2 may similarly affect the variety and abundance of NOS1 transcripts and NO bioavailability and thus affect vascular health through heritable epigenetic mechanisms. Previous studies illustrate the importance of considering genetic ancestry when evaluating cardiovascular outcomes such as hypertension, peripheral arterial disease, and atherosclerosis, [38] [39] [40] and emerging literature suggests that ancestry may influence the epigenome. 41, 42 Moreover, the rates of risk factors for CVD in Native American populations have increased in the last several decades. 43 We evaluated whether the association between DNA methylation in NOS and ARG genes would vary by genetic ancestry and found that the association between DNA methylation in NOS1 and CIMT seemed strongest in Hispanic white children who were predominately of Native American ancestry. Currently little is known about how DNA methylation patterns may vary by ancestry. 41 However, differences in diet or other exposures that affect epigenetic patterns may be differentially distributed across ancestry groups and may explain our findings. Alternatively, different genetic polymorphisms in NOS1 may exist across these groups, which may be correlated with DNA methylation in our measured locus. Nonetheless, our results provide the intriguing suggestion that epigenetic patterns associated with disease may vary by ancestry and thus warrant further consideration in epigenetic association studies.
We observed no associations between CIMT and DNA methylation in ARG genes or in NOS2A and NOS3. The limitation of a small cohort may have prevented us from detecting potential significant results. The use of buccal cells to obtain DNA methylation is another limitation. Because we used a tissue source not directly related to the vasculature, tissue-specific associations have likely been missed. Obtaining such a sample in our cohort of children was not feasible. Therefore, noninvasive buccal cell samples were used as a proxy to assess non-tissue-specific epigenetic changes at a locus thought to be related to cardiovascular health in children. Moreover, CpG methylation in NOS1 is consistent across multiple tissues derived from all 3 germ layers (Figure II in the Data Supplement; Marmal-aid R package available at http://marmal-aid.org/visualise.html) and thus could reflect a feature of CVD pathobiology at a tissue level that warrants further follow-up. This consistency of NOS1 methylation values across tissue types also raises intriguing questions about the role for environmental influences that might affect CIMT through epigenetic mechanisms and points to the early prenatal period as a potentially important window of susceptibility from such early life environmental influences.
One limitation of the current study, however, is that an NO-generated decrease in vascular tone might also result as a consequence of atherosclerosis rather than a precursor. Although DNA methylation was measured 1 to 3 years before CIMT assessment in our study, the amount of time necessary for systemic changes in NO production to alter the structure of the carotid artery in children is not known.
We conducted tests on multiple loci within 5 different genes; thus, consideration for multiple testing is warranted. Even with the use of a conservative Bonferroni correction, the association between high versus low average methylation in NOS1 remains significant. Last, we did not have data on flow-mediated dilation, and so a direct correlation between NOS1 methylation and changes in NO bioactivity could not be made.
In this study, we provide evidence that differences in percentage DNA methylation in NOS1 are associated with subclinical atherosclerosis in children. We observed a stronger association between NOS1 and CIMT in children with Native American ancestry. These results suggest the possibility that buccal cell NOS1 methylation is biomarker of an epigenetic process for regulation of NO, a key molecule in vascular health and atherogenesis. CIMT indicates carotid artery intima-media thickness; and LRT, likelihood ratio test. *Stratum-specific P values. †P value from multi-degree of freedom LRT test for overall significance of interaction. Pairwise comparisons of each ancestry group with non-Hispanic white as the reference were not significant. The P values for a comparison of Hispanic Native American with non-Hispanic white were 0.13, 0.75, 0.11, and 0.15 for positions 1, 2, 3, and the average, respectively. The P values for a comparison of Hispanic white with non-Hispanic white were 0.82, 0.90, 0.60, and 0.79 for positions 1, 2, 3, and the average, respectively.
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